The oxidation of an organosolv lignin with tert-butylhydroperoxide, initiated by titanium grafted into the lignin structure, was investigated. Titanation of reactive groups on lignin is responsible for the cross-linking of the lignin structure. IR and MAS 13 C NMR spectroscopy spectra confirmed the oxidation of the lignin structure and other pronounced structural changes. A study with guaiacol as a model compound helped to recognise that aromatic ring opening occurs under the given conditions and is catalysed by the grafted titanium. The structure of the oxidised lignin becomes less robust and therefore potentially more susceptible to be depolymerised and converted into monomeric units.
Introduction
Lignin is a natural polymer fundamental to the plant cell walls, together with cellulose and hemi-cellulose. Its main functions are to bring rigidity and contribute to plants structural integrity [1] . Lignin biosynthesis is the result of a radical polymerization of three constituent monomers p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which form respectively the p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) lignin subunits. As this polymerization is a random process, lignin has a high structural diversity [2] .
Over the past decades, lignin has been studied as a natural resource in multiple fields. As its structure is rich in aromatic moieties, lignin is a potentially cheap alternative source for the production of bio-based gasoline fuel components and aromatic base fine chemicals [3] . The lingering challenge is to break the recalcitrant lignin structure into aromatic monomers at conversion rates and production distribution that can lead to a commercially viable process. So far, catalytic depolymerization is the most promising approach to achieve this goal [3, 4] . Among the many approaches, alcohols such as methanol or ethanol used as supercritical solvents and hydrogen donors represent a new medium and reactant for lignin depolymerisation [5] [6] [7] . This and other catalytic approaches remain at the research stage. Another challenge in this respect is associated with the recalcitrant nature of the lignin extracted from the lignocellulosic biomass matrix. Methods for isolating lignin at an industrial scale such as Kraft pulping or organosolv extraction result in a substantial change in the molecular structure of the lignin [8] . The fraction strong in carbon-carbon bonds between the aromatic constituents increases at the expense of the weaker oxygen-containing bonds, primarily weak ether bonds. These changes are the results of repolymerization reactions involving radicals obtained during the isolation step. As a result, ex planta or technical lignins are much more difficult to depolymerize than in planta lignin. Therefore, an approach like the lignin first process presents a novel approach with higher yields of a limited number of aromatic products [9] . This methodology benefits lignin extraction from the wood prior to cellulose. However, the depolymerization of the lignin extracted by this methodology cannot be considered a waste recovery approach, because it does not substantially contribute to the recovery of the 50 million tonnes of lignin isolated per year as industrial waste (mainly form the pulp and paper industry) [10, 11] .
As a contribution to lignin valorisation, oxidative pre-treatment of lignin has been described as a way to weaken the lignin structure, making it more susceptible to depolymerisation [12] . Several reports mention the oxidation of hydroxyl groups from primary and secondary carbons of the lignin aliphatic chains. The oxidation results in a higher susceptibility of lignin to depolymerisation, achieving higher reaction rates under milder conditions. Stahl and his co-workers explored the use of TEMPO as a catalyst and proposed a mechanism in which a C α benzylic carbonyl group formed by oxidation can polarize the C β \ \H bond, promoting acidcatalysed ether bond cleavage [13, 14] . Westwood and co-workers combined C α oxidation with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) and a zinc catalyst which promotes the C-OAryl bond cleavage [15] . Bolm and co-workers reported a one-pot reaction with a TEMPO catalyst, which starts with C γ oxidation followed by a retro-aldol reaction and consequently depolymerisation [16] .
In this study, we also explore the oxidation of lignin by using tertbutylhydroperoxide ( t BHP) as the oxidant. t BHP is a widely used oxidizing agent for diverse applications and known for its high reactivity towards organic compounds in a mild environment (for instance in the Sharpless epoxidation) [17, 18] . As a catalyst, we explored the use of Ti bound to the free hydroxyl groups of the lignin structure. Both the incorporation of Ti and the oxidation of lignin with t BHP were accomplished under mild conditions. Guaiacol was used as a model compound to mimic the aromatic moieties in lignin.
Materials and methods

Chemicals and analysis
Organosolv lignin was extracted from beech wood and provided by ECN (now TNO).
t BHP (70% aqueous solution, Sigma Aldrich) was extracted with n-octane prior to use. Titanium (IV) isopropoxide (Ti(O i Pr) 4 , Sigma Aldrich) was distilled before use. 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was synthesized from pinacol and phosphorus trichloride according to a method described in the literature [19] . All other chemicals were obtained from Sigma Aldrich and used as received. 2D Heteronuclear Single Quantum Coherence Nuclear Magnetic Resonance spectroscopy ( . Data processing was carried out using the MestReNova software. The central DMSO solvent peak was used as an internal reference (δ C 39.5, δ H 2.49 ppm). The cross-peaks were assigned according to the literature [20] . Phosphorus, proton, and carbon ( 31 P, 1 H, and 13 C) NMR spectra were recorded at 296 K using a Bruker 400 MHz spectrometer. To record quantitative 31 P NMR spectra we used a 25 s relaxation delay between 30°pulses, 128 scans and an inverse gated decoupling pulse sequence. The chemical shift was calibrated relative to the internal standard for which the cyclohexanol peak signal centred at δ P 144.2 ppm was used. Integration regions that were used to assign the signal and relative signal intensities used to calculate the concentration of the hydroxyl group are highlighted in Fig. S2 and Table S1 . 13 C NMR spectra were recorded with a 1.5 s relaxation delay, 16 scans and 256 time increments. The chemical shift was calibrated relative to the CDCl 3 resonance signal centred at δ C 77.0 ppm. MAS 13 C NMR spectra were recorded on a Bruker DMX-500 NMR spectrometer, using a 4 mm zirconia rotor at a spinning rate of 10 kHz and a frequency of 125 MHz.
13
C chemical shifts were referenced to adamantine. The acquisition was performed with a standard CP pulse using 2 ms proton 90°pulse, an 800 ms contact pulse and an acquisition time of 20 ms.
X-ray photoelectron spectroscopy (XPS) measurements were carried out on a Thermo Scientific K-Alpha spectrometer equipped with a monochromatic small-spot X-ray source and a 180°double-focusing hemispherical analyser with a 128-channel detector. Spectra were obtained using an aluminium anode (Al K α = 1486.6 eV) operating at 72 W and a spot size of 400 μm; samples were not handled under an inert atmosphere and should be considered passivated. Survey scans were measured at a constant pass energy of 200 eV and region scans at 50 eV. The background pressure of the UHV chamber was 2 × 10 −8 mbar. Compounds were calibrated by setting the C 1s adventitious carbon position to 284.8 eV.
Fourier-transform infrared spectroscopy (FT-IR) spectra were recorded on a Shimadzu MIRacle 10 single reflexion ATR accessory in the 4000-500 cm −1 wavelength region.
The metal content was determined by inductively coupled plasma atomic emission spectrometer (ICP-AES) on a Spectro Ciros CCD ICP optical emission spectrometer with axial plasma viewing. All the samples (20 mg) were dissolved in 50 mL aqueous solution with 10 mL of H 2 SO 4 and 2 mL of H 2 O 2 .
Synthesis of Ti-modified organosolv lignin
Pre-dried organosolv lignin (1.0 g) was dissolved in 50 mL dry ethyl acetate. 5.6 mL Ti(O i Pr) 4 were added dropwise to this solution. The mixture was kept at room temperature and under argon atmosphere for 2 h (the experiment was carried out in Schlenk). Upon completion, the suspension was dried under vacuum and the solid washed with ethyl acetate to remove traces of unreacted Ti(O i Pr) 4 . Due to its insoluble character in common solvents, the product (Ti-modified lignin) was characterized by elemental analysis, IR spectroscopy, XPS and MAS 13 C NMR.
Oxidation of Ti-modified lignin with t BHP
For a typical oxidation reaction, approximately 100 mg of Ti-lignin were suspended in 5.0 mL solution of t BHP (1.0 M in n-octane). The heterogeneous mixture was stirred (600 rpm) at 60°C for 24 h. After completion, the product (Oxidised Ti-modified Lignin) was separated by centrifugation, washed with n-octane and dried under vacuum. The product was insoluble and, therefore, it was characterized by IR and MAS 13 C NMR spectroscopy.
Synthesis of Ti-modified guaiacol
Experiments were carried out under inert atmosphere using standard Schlenk techniques. Guaiacol (1.5 g, 11.9 mmol, 1 eq.) was dissolved in 20 mL of ethyl acetate and Ti(O i Pr) 4 (3.5 mL, 11.9 mmol, 1 eq.) was added dropwise under vigorous stirring. The reaction was kept at these conditions for 2 h. The final mixture was dried under vacuum. The product (Ti-modified Guaiacol 1:1, Ti-gua(1)) was characterized by 1 H NMR, 13 C NMR, IR spectroscopy and elemental analysis. .00 M. The reaction mixture was kept at 60°C and stirred at 600 rpm for 24 h. The product (oxidised Ti-modified guaiacol, Oxi-gua) precipitated during the reaction and was isolated by centrifugation, washed with n-octane to remove traces of side products and dried under vacuum. Due to its insoluble character, Oxi-gua was characterized by IR and MAS 13 C NMR spectroscopy.
Derivatization with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
A stock solution was made by dissolving 6.2 μL cyclohexanol and 8.4 mg chromium(III)acetylacetonate in 1.5 mL pyridine/CDCl 3 (1.6:1; v/v). 13 mg of organosolv lignin was dissolved in 200 μL of pyridine/ CDCl 3 (1.6:1 v/v) and 400 μL of stock solution was added. Finally, 30 μL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane was added to the prepared lignin solution and stirred to form a homogeneous mixture.
Results and discussion
Lignin characterization
We used an organosolv lignin extracted from beech wood (a hardwood) via the solvent extraction method [21] . NMR spectroscopy was applied to characterize this lignin before modifying it. 2D HSQC NMR spectra of the organosolv lignin are shown in Fig. S1 . For identification [20] and quantification [22] of the predominant linkages present in this lignin we followed relevant literature. Two regions of the spectra are of particular interest. The oxygenated side-chain region at δ C /δ H : 92-45/2.6-5.6 ppm, represents the carbon-proton cross-peaks of the linkages between lignin building blocks (Fig. S1a) . The aromatic region at δ C /δ H : 125-100/6.2-7.6 ppm relates to cross-peaks of the different C 9 -units (Fig. S1b) . The most representative linkages in the lignin are β-O-4, β-β and β-5 bonds (Fig. 1) . The α position of β-β (δ C /δ H : 85/ 4.63 ppm) and β-5 (δ C /δ H : 87/5.47 ppm) bonds are easily distinguished in these spectra. On the other hand, the assigned resonance signal for the α proton/carbon cross-peak of the β-O-4 linkage is weaker (δ C /δ H : 72/4.89 ppm; low intensity). In the aromatic region, the predominant C 9 -unit is S 2,6 at δ C /δ H : 104/6.62 ppm. The aromatic cross-peaks of H (δ C /δ H : 119/6.78 ppm) and G 2 (δ C /δ H : 113/6.77 ppm) units are identified as well. Bond quantification is based on the integration of the C α crosspeaks and uses the integrated G 2 signal as a reference. The calculations indicate a β-O-4 linkage content of 1.9 per 100 Ar, which is low compared to the β-β content (11.1 per 100 Ar) and the β-5 content (3.5 per 100 Ar). The lignin interlinkage distribution is typical for technical lignin [23] and emphasizes the relatively high content of C\ \C interlinkages, which leads to a low reactivity of the lignin.
Derivatization of the lignin with 2-chloro-4,4,5,5-tetra-methyl-1,3,2-dioxaphospholane followed by quantitative 31 P NMR spectroscopy was employed to quantify the amount of OH groups (see Fig. S2 ) [24] [25] [26] . The aliphatic OH content is 0.95 mmol/g, which is relatively low and is in agreement with the low content of β-O-4 interlinkages. On the other hand, the phenolic OH content of this lignin is relatively high: 2.54 mmol/g of phenolic syringyl groups (δ P : 144-141.5 ppm) and 1.06 mmol/g of phenolic guaiacyl and demethylated hydroxyl groups (δ P : 140.5-139.8 ppm). The low number of aliphatic OH and the high content of syringyl groups are in good agreement with the 2D HSQC NMR spectra. The presence of the 4-O-5′ condensed phenolic units resonant signal at δ P 144.3-142.8 ppm and p-hydroxylphenolic groups resonant signal at δ P 138.6-136.9 ppm was not detected on this lignin.
Lignin titanation and oxidation
The first attempt to oxidise the lignin was done with a simple and commercially available titanium catalyst: titanium(IV) isopropoxide (Ti(O i Pr) 4 ). n-Octane was used as the solvent, because of the stability of the organic peroxide in it. A drawback is that lignin cannot be dissolved in n-octane. The lignin was suspended in n-octane followed by addition of the catalyst and t BHP. After 2 h reaction at 60°C, the IR spectrum of the solid product was compared to that of the parent lignin (Fig. S3) . The resulting spectra are similar and, specifically, there is no indication of oxidation. GC analysis of the reaction mixture showed that N90% of the t BHP added was converted into t BuOH. This indicates that the organic peroxide was decomposed by the Ti catalyst and that the lignin was unaffected. A reason might be that lignin cannot be dissolved in n-octane.
In order to overcome this problem, we explored the grafting of the Ti catalyst to the organosolv lignin, followed by oxidation with t BHP. For this, we made use of the relatively high hydroxyl content of the lignin. Given the strong Lewis acidity of Ti(O i Pr) 4 , we did not use a base to catalyse the grafting process. Lignin titanation was done in ethyl acetate by adding Ti(O i Pr) 4 dropwise, which resulted in a brown precipitate.
Analysis of the Ti-modified lignin showed that the Ti content was 14.3 wt%. An XPS analysis revealed a (surface) Ti content of 13.5 wt%.
As the resulting lignin cannot be dissolved in common solvents, we could not further characterize it using 2D HSQC NMR. Therefore, we turned to IR and MAS 13 C NMR spectroscopy to track the changes due to the titanation step.
The IR spectra of the Ti-modified and the parent lignin are shown in (Fig. 2a) . Two main differences are observed. A band at 656 cm −1 in the Ti-modified lignin is a Ti\ \O bond stretching vibration, while the decreased intensity of the band at 3410 cm −1 indicates the consumption of hydroxyl groups. Also, the band at 1330 cm −1 (C\ \O\ \H bending vibration (C\ \O deformation)) has a lower intensity after titanation. The band at 2935 cm −1 (CH stretch from aromatic methoxy and sidechain methyl) became more intense, which is likely due to the isopropoxide groups remaining as ligands to Ti. The position of this band is consistent with the C\ \H vibration of CH 3 groups in Ti(O i Pr) 4 . The MAS 13 C NMR spectrum of the parent lignin contains signals in three main regions, between 50 and 90 ppm due to lignin side-chain carbons, between 95 and 160 ppm due to aromatic carbons and between 165 and 180 ppm due to carbonyl carbons [27, 28] . Comparison to the NMR spectrum for the Ti-modified lignin (Fig. 2b) tertiary carbons (CH). The fact that there are two peaks for each carbon indicates that there are at least two different types of grafted Ti with different substitution degrees of the parent ligands. The changes registered in the aromatic region were less obvious, but still significant. The 13 C NMR signals due to aromatic C can be divided into three groups: the region between 125 and 103 ppm represented non-substituted aromatics; that between 141 and 125 ppm C-substituted aromatic carbons and that from 160 to 141 ppm O-substituted aromatic carbons.
There was a small shift of the signal at 128 ppm for the parent lignin to 134 ppm for the Ti-modified counterpart and a significant intensity decrease of the signal at 147 ppm. These changes are the result of the titanium bonding to the phenolic moieties, shifting the signals to a less protected region of the spectrum. The intensity reduction of the signal belonging to the O-substituted aromatic carbons after titanation might be related with the extensive transformation of the phenolic moieties.
As a next step, we explored the t BHP oxidation using Ti-modified lignin both as a substrate and as a catalyst. The modified lignin was suspended in a t BHP solution in n-octane. After 24 h reaction at 60°C, the oxidised Ti-modified lignin was isolated and characterized by IR and solid-state NMR spectroscopy, as it remained insoluble in common solvents. The results indicate that lignin lost a large part of its aromaticity. Analysing the IR spectra (Fig. 2a) , it is seen that a new band located at 1715 cm 
Guaiacol oxidation -a model compound study
We explored the intrinsic chemistry of aromatic ring opening by grafted Ti in more detail using guaiacol as a model compound. This was chosen because the reactions with lignin showed a high titanation degree of phenolic OH groups. The same Ti source (Ti(O i Pr) 4 ) was used to titanate guaiacol. Two Ti-modified guaiacol substrates were synthesized at guaiacol to Ti(O i Pr) 4 ratios of 1:1 and 4:1. Both were characterized using proton and carbon NMR spectroscopy. The 1 H NMR (Fig. 3a) showed, for both experiments, the disappearance of the guaiacol OH resonance signal at δ H 5.94 ppm, which is the functional group that grafted to Ti. A shift of the aromatic resonance signals was noticed from δ H 7.05-6.90 ppm to 6.95-6.60 ppm. The interaction with Ti made the resonance signal of Ar(H) moved to a more protected region of the spectrum. These peaks also become broader and diverse with the increase of guaiacol to Ti ratio, indicating that the product is a mixture of compounds. A new functional group between δ H 1.29-1.15 ppm is assigned to the resonance signals of the isopropyl groups (CH 3 ) that were not substituted. The integration of the i Pr (CH 3 ) and Ar(H) resonance signals has a ratio of 4 Ar(H) to 12.6 i Pr (CH 3 protons) for Ti-modified guaiacol 1:1(Ti-gua(1)) and 4 Ar(H) to 1.5 i Pr(CH 3 protons) for Ti-modified guaiacol 4:1 (Ti-gua (4)). This shows that the substitution of O i Pr groups is higher for the Ti-gua(4). The 13 C NMR spectra (Fig. 3b) clarified the extent of the molecular diversity by the number of aromatic carbons resonance signal located between δ C 155-100 ppm. In the experiment with an equimolar ratio of guaiacol and Ti(O i Pr) 4 , the number of aromatic carbons is consistent with a mixture of Ti(O i Pr) 3 (Fig. 3d) . The same pattern is observed for the 13 C resonant signals of the methoxy group between δ C 57-55 ppm, and it also shows a larger number of signals for the mixture prepared with excess guaiacol. By contrast, the number of isopropyl group 13 C resonant signals for the Ti-gua(4) mixture is lower than for the Ti-gua(1) sample, specifically considering the CH 3 signal between δ C 26-25 ppm and the CH signal between δ C 82-80 ppm. These differences confirm the lower number of isopropyl groups when more guaiacol is added. In fact, it was observed that if we add more guaiacol to a solution of Ti-gua(1), the substitution of the isopropoxide groups will continue.
The finding that free hydroxyl groups are consumed by substitution of the isopropoxide groups on Ti can explain the low solubility of lignin in common solvents after titanation (like ethyl acetate or THF which previously dissolved it). We suspect that the introduction of Ti as the isopropoxide complex leads to crosslinking of the lignin structure, resulting in a bulkier structure. This could not be tested by GPC due to the insolubility. We carried out guaiacol oxidation using the Ti-gua(1), because, due to the higher amount of isopropyl groups, this model compound is a better representative of Ti-modified lignin. The oxidation of the Ti-gua (1) was evaluated in solutions containing different concentrations of t BHP (reaction at 60°C for 24 h). The products are insoluble in common solvents, similar to the oxidised Ti-modified lignin, and were therefore characterized by IR and MAS 13 C NMR spectroscopy. The IR spectra of Ti-gua(1) and the guaiacol are shown in Fig. 3c . The differences between these spectra are the appearance of the band at 629 cm −1 (Ti\ \O stretching vibration), the disappearance of the band at 3410 cm −1 (OH stretching vibration) and the intensifying of the bands at 2859 cm −1 , 2924 cm −1 , and 2967 cm −1 (stretch vibrations of CH bonds of the isopropyl groups). For the aromatic stretching region, we found that the band at 853 cm −1 (Ar C\ \H out-of-plan deformation vibration) became more intense, while the bands at 1215 and 1377 cm −1 (C\ \O\ \H bending vibration and C\ \O stretching vibrations, respectively) became weaker. These changes match the expected results for the grafting of Ti through the guaiacol OH group. The IR spectra of the products after oxidation with t BHP (Oxi-gua) are presented in Fig. 4a (respective t BHP concentration used to treat the sample is highlighted on the graphic). With increasing oxidant concentration, the structure of the reactant was more affected. Intensity (a.u.) Fig. 3 . Comparison between the a) 1 H NMR and b) 13 C NMR spectra of guaiacol (red), Ti-gua(1) (green) and Ti-gua(4) (blue). c) IR spectra of guaiacol (red) and Ti-gua(1) (green) with the most important bands highlighted identifying the structural changes. d) Chemical structures of Ti-gua that were formed in the guaiacol titanation reactions.
Oxi-gua samples treated with a low concentration of concentration, the changes are more pronounced. The peaks corresponding to the aromatic C resonant signals disappeared and new ones appeared at 84 ppm (alkene C resonant region) and at 172 ppm. The shift of the C from the methoxyl group resonant signal from 57 ppm to 53 ppm is consistent with the structural change from MeO\ \Ph to MeO\ \CH_C\ \.
These dramatic changes in the aromatic region of the titanated materials (lignin and guaiacol) upon oxidation indicate that aromatic ring opening occurred. The MAS 13 C NMR and IR spectra of the oxidised materials demonstrate similar structural changes: new carbonyl group signals and less intense aromatic signals. The partial ring cleavage by oxidation with t BHP evidenced is associated with the Ti grafting on the lignin. In all our blank experiments and in an attempt of oxidizing lignin with Ti(O i Pr) 4 reported initially, there was no indication that the aromatic content of lignin was affected by the oxidant. This extensive structural modification of lignin was already described in the literature as a degradation effect caused by using, for example, H 2 O 2 , organic peroxides and peracids [2] . Gellerstedt and Agnemo reported that ring opening was found exclusively in the presence of a catalytic metal able to interact with lignin [29] . Another work reported reactions introducing a similar effect on lignin that were promoted by elaborated catalyst like porphyrin-based ones [30, 31] . On their studies, the reaction mechanism proposes that the ring opens forming a muconic acid species. In a typical ring-opening reaction by oxidation forming this species, a quinone intermediate is formed as indicated in Fig 
Conclusions
We demonstrated a lignin oxidation process achieved with t BHP and using an uncommon method. Grafting titanium to lignin hydroxyl groups was the solution to successfully catalyse the oxidation. Unexpectedly, this method also led to a partial cleavage of the aromatic rings turning the lignin structure less robust what might led to a better depolymerization results to be tested in a future work. The mild conditions employed can be an advantage to an industrial application.
